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Abstract—Hybrid electric vehicles (HEVs) using combination of 
an internal combustion engine (ICE) and one or more electric 
motors are widely considered as the most promising solution for 
clean vehicles. One example of successfully developed electric 
machines for HEVs is interior permanent magnet synchronous 
motor (IPMSM), selected due to its smaller size and lighter 
weight providing with design freedom of the vehicles and its 
higher efficiency contributing to less fuel consumption. However, 
IPMSM design tends to be difficult due to all permanent magnets 
(PMs) are built in the rotor core. The mechanical strength relies 
mainly on thickness and number of bridges around PM but high 
number of bridges reduces the maximum torque due to increases 
in flux leakage. Therefore, a new candidate of hybrid excitation 
flux switching motor (HEFSM) with rugged rotor structure 
suitable for high-speed operation and with the ability to keep 
high torque and power density is proposed. Various 
combinations of slot-pole HEFSMs such as 6S-4P, 6S-5P, 6S-7P 
and 6S-8P are designed and analyzed. The performances of all 
designs are compared with IPMSM used in Lexus RX400h. 
Hybrid electric vehicle (HEV); internal combustion engine 
(ICE); interior permanent magnet synchronous machine 
(IPMSM); hybrid excitation flux switching motor (HEFSM); 
permanent magnet (PM); field excitation coil (FEC); 
I.  INTRODUCTION 
Hybrid excitation flux switching machines (HEFSMs) are 
those which utilize primary excitation by permanent magnets 
(PMs) as well as DC field excitation coil (FEC) as a secondary 
source. Conventionally, permanent magnet flux switching 
machines (PMFSMs) have relatively poor flux weakening 
performance but can be operated beyond base speed in the flux 
weakening region by means of controlling the armature 
winding current. By applying negative d-axis current, the PM 
field can be counteracted but with the disadvantage of increase 
in copper loss and thereby reducing the efficiency, reduced 
power capability, and also possible irreversible 
demagnetization of the PMs. Thus, HEFSM is an alternative 
option where the advantages of both PM machines and DC 
FEC synchronous machines are combined. As such HEFSMs 
have the potential to improve flux weakening performance, 
power and torque density, variable flux capability, and 
efficiency which have been researched extensively over many 
years [1-3].  
Various combinations of stator slots and rotor poles for 
HEFSMs have been developed as illustrated in Fig. 1. Fig. 1(a) 
shows a 6S-4P HEFSM in which the active parts are arranged 
in three layers in the stator. The inner stator consists of the 
armature windings, followed by the FECs in the middle layer, 
while the PMs are placed in outer stator [4-5]. However, it has 
low torque density and a long end winding for the DC FECs, 
which overlap the armature windings. Moreover, based on the 
topology of a purely PM excited PMFSM, a 12S-10P HEFSM 
is developed as in Fig. 1(b), in which the PMs dimensions are 
reduced to save room for the introduced FECs, whilst both the 
    
     (a)                               (b) 
    
               (c)               (d) 
Fig. 1: Example of HEFSMs (a) 6S-4P HEFSM (b) 12S-10P Inner FEC 
HEFSM (c) 12S-10P Outer FEC HEFSM (d) 12S-10P E-core HEFSM 
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stator and rotor laminations are unchanged [6]. It should be 
emphasized that the flux regulation capability of the machine 
can be simply controlled by adjusting the PMs length in radial 
direction. 
Meanwhile, the HEFSMs shown in Fig. 1(c) is a 3-phase 
12S-10P PMFSM which incorporates a FECs at the outer 
extremity of the stator [7-8]. However, the outer diameter of 
the machine is significantly enlarged for the FECs, which in 
turn reduces torque density.  
In addition, the PMs in the PMFSM can be partially 
replaced by the DC FECs, and consequently, several HEFSM 
topologies were developed as in [9-10], although they have 
overlapping armature and FEC, albeit with significantly 
reduced torque capability. The foregoing HEFSMs having PMs 
on the stator also suffers from one of three disadvantages; (i) 
The DC FEC is in series with the field excited by PM, which 
limits the flux-adjusting capability due to low permeability of 
the PM, (ii) The flux path of FEC significantly reduces the 
main flux excited by PM and even short circuits the PM flux, 
(iii) The torque density may be significantly reduced.  
When comparing with the conventional 3-phase 12S-10P 
PMFSM, it is clear that to realize the hybrid topology of Fig. 
1(c), both PM and armature coil volume should be sacrificed 
while keeping the total machine volume as constant. From the 
conventional PMFSM topology, it is possible to replace some 
of the magnet material with DC FECs and therefore create 
several HEFSM topologies without loss of armature coil. This 
represents the simplest method of hybridizing the conventional 
PMFSM topology with FEC as it retains the existing stator and 
rotor dimensions and structure.  
Furthermore, the 12S-10P E-core PMFSM exhibits 
relatively higher torque density, a new HEFSM is proposed by 
inserting DC FECs on the middle teeth of the E-core stator, as 
shown in Fig. 1(d) [11]. It maintains the same outer diameter 
and exhibits a simpler 2-D structure than the HEFSM discussed 
in Fig. 1(c). In addition, it also employs non-overlapping 
between FEC and armature windings. The number of turns per 
phase of the E-core HEFSM is maintained same as that of the 
E-core PMFSM. Half of the slot area is employed for the 
armature windings, and another half is employed for the FECs. 
The total number of armature winding turns is equal to that of 
DC FECs to ease the comparison of armature and FEC 
currents, because the slot areas for these two kinds of windings 
are equal. Fig. 1(d) also shows the winding connections and the 
magnetization directions of PMs. It is worth mentioning that, 
unlike the HEFSM developed from the conventional PMFSM 
[7–10], the volume of magnet in the E-core HEFSM is 
maintained as same as in the conventional E-core PMFSM. 
However, the HEFSMs in Fig. 1(a), (b) and (d) have a PM 
along the radial of the stator, the flux of PM in the outer stator 
acts as a leakage flux and has no contribution towards the 
torque production which reduces the machine performance. In 
addition, due to segmented stator core, the design is also 
difficult to manufacture. Whereas, the 12S-10P outer FEC 
HEFSM in Fig. 1(c) has no flux leakage outside the stator and 
also single piece stator is easy to manufacture. Hence, it is 
considered as the best candidate and selected for further design 
improvement. However, this HEFSM has a limitation of torque 
and power production in high current density condition due to 
insufficient stator yoke width between FEC and armature coil 
slots resulting in magnetic saturation and negative torque 
production. Nevertheless, methodology for improvements and 
the achieved performances have been discussed [12-13] 
For the 3-phase structure such as the proposed HEFSM, the 
relationship between the number of rotor poles and number of 
stator slots can be expressed as 
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where Nr is the number of rotor poles, Ns is the number of 
stator slots, and k is the natural entity. From the equation, for 
k=1 and 2 the combination of 6S-4P, 6S-7P, 6S-5P and 6S-8P 
HEFSM are selected. The final design performances are 
compared with IPMSM used in HEV. 
II. DESIGN RESTRICTIONS, SPECIFICATIONS, AND INITIAL 
DESIGN PERFORMANCES 
The design requirements, restrictions and specifications of 
the proposed HEFSSM for HEV applications are similar with 
IPMSM for HEV [14] listed in Table I. The electrical 
restrictions related with the inverter such as maximum 650V 
DC bus voltage and maximum 360V inverter current are set. 
The limit of the armature coil current density, Ja and the FEC 
current density, Je is set to 30Arms/mm
2
 and 30A/mm
2
, 
respectively. The weight of the PM is 1.1kg similar with PM 
volume in IPMSM. The target torque of 333Nm with reduction 
gear ration of 2.478 is set, hence, realizing the maximum axle 
torque via reduction gear of 825Nm. The maximum operating 
speed is set to 12,400r/min and the target power is set to be 
more than 123kW. As the proposed HEFSSM consists of very 
simple structure with concentrated winding in all coils, the 
target motor weight to be designed is set to be less than 35kg, 
resulting in that the proposed machine promises to achieve the 
maximum power density of more than 3.5kW/kg. Commercial 
FEA package, JMAG-Studio ver.10.0, is used as 2D-FEA 
solver in this design.  
The initial design of 6S-4P, 6S-5P, 6S-7P and 6S-8P are 
illustrated in Fig. 2. Initially, the 30° mechanical angle of stator 
yoke is designed with the following assumptions; (i) The stator 
TABLE I: HEFSM DESIGN RESTRICTIONS AND SPECIFICATIONS  
Items IPMSM  HEFSM 
Max. DC-bus voltage inverter (V) 650 650 
Max. inverter current (Arms) 360 360 
Max. current density in armature coil, Ja (Arms/mm
2) 31 30 
Max. current density in FEC, Je (A/mm
2) NA 30 
Stator outer diameter (mm) 264 264 
Motor stack length (mm) 70 70 
Shaft radius (mm) 30 30 
Air gap length (mm) 0.8 0.8 
PM weight (kg) 1.1  1.1 
Maximum speed (r/min) 12,400 12,400 
Maximum torque (Nm) 333 333 
Reduction gear ratio 2.478 2.478 
Maximum axle torque via reduction gear (Nm) 825 825 
Maximum power (kW) 123 > 123 
Power density (kW/kg) 3.5 > 3.5 
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inner radius is set to 88mm, which is exactly two third of the 
132mm motor radius, making the stator depth of 44mm. This is 
based on split ratio of 0.6 to 0.7 of general machine, (ii) By 
assumptions that the higher the PM height will give more flux 
to flow, hence, will increase the performances, the PM height, 
is set to 22mm, which is half from the total stator height. 
Although more PM length will increase the flux to flow in the 
stator body, but there is high possibility of PM demagnetization 
especially at the edge of PM. In addition, higher PM height 
will reduce the stator outer yoke thickness, which will increase 
flux saturation, (iii) The PM volume is set to 1.1kg similar with 
the estimated PM volume of IPMSM, (iv) The armature coil 
number of turns and armature coil slot area are set to 18 turns 
and 392.7mm
2
, respectively, to keep the same armature coil 
current density, Je of 30A/mm
2
, (v)The armature coil depth is 
set to 22mm, which is half of the stator depth and 
approximately half of stator teeth opening angle so that the flux 
can flow easily at both parts, (vi) The FEC slot area is set 
similar to the armature coil slot area of 392.7mm
2
. The stator 
outer core thickness is set to approximately one third of the 
FEC depth by assumptions that half of the flux can easily flow 
in this region with keeping the necessary gap to avoid 
saturation.  
The initial rotor for 4, 5, 7 and 8 poles with 45°, 36°, 
25.7143° and 22.5° mechanical angle is designed with the 
following assumptions; (i) The air gap length is set to 0.8mm 
similar with the proposed HEFSM and IPMSM, making the 
rotor radius of 87.2mm (ii) The rotor pole width of each design 
is set by dividing the total stator teeth opening angle to the 
number of rotor poles, (iii) The rotor pole depth is set to two 
third of the rotor radius to give much depth for the flux to flow 
with at the same time keeping the suitable distance of the rotor 
inner part to avoid flux saturation,  
The initial performances of all design HEFSM are 
calculated based on 2D-FEA. From the analysis, the power 
obtained from the initial design of 6S-4P and 6S-5P has 
successfully achieved the target of 123kW, while for 6S-7P and 
6S-8P, the power achieved are far to the target. Meanwhile, the 
torque obtained from 6S-5P and 6S-7P is more than 250Nm, 
while the torque achieved for 6S-4P and 6S-8P are far from the 
target. Thus, the deterministic optimization method mentioned 
in [15] is treated to all design repeatedly until the optimum 
performances are achieved. All final designs with optimum 
performance are illustrated in Fig. 3. The performances of the 
initial and final design are listed in Table II. It is obvious that 
all final designs have successfully achieved the target power, 
while only 6S-7P design achieved the target torque.  
III. PERFORMANCES OF THE FINAL DESIGN HEFSMS 
A. Flux path of PM at open circuit condition 
The open circuit field distribution for PM of the final 
design HEFSM are investigated based on 2D-FEA as 
illustrated in Fig. 4. For 6S-4P, 6S-5P and 6S-7P model, most 
of the PM flux flows into the stator iron around the FEC, while 
100% flux of PM flows around the FEC for 6S-8P model. This 
will give advantages of less cogging torque and almost no 
back-emf at open-circuit condition even if the machine is 
operated under maximum speed condition. In addition, Fig. 5 
TABLE II: PERFORMANCE OF THE INITIAL AND FINAL DESIGN HEFSMS 
Items 
6S-4P 6S-5P 6S-7P 6S-8P 
Initial Final Initial Final Initial Final Initial Final 
Torque 134.2 176.3 256.5 283.4 280.2 342.0 189.4 267.4 
Power 135.4 134.9 123.8 139.9 84.7 130.9 92.04 147.4 
Speed 9,633 7,309 4,608 4,713 2,886 3,654 4,640 5,266 
pf 0.473 0.471 0.429 0.488 0.295 0.457 0.321 0.514 
Na 18 21 18 17 18 15 18 17 
AeNe 7195 6406 7195 6230 7195 6346 7195 6309 
 
 
  
                           (a)                                   (b) 
  
     (c)                                   (d) 
Fig. 3: Final design of HEFSMs (a) 6S- 4P (b) 6S-5P (c) 6S-7P (d) 6S-8P 
  
                           (a)                                                      (b) 
  
                           (c)                                                      (d) 
Fig. 2: Initial design HEFSMs (a) 6S- 4P (b) 6S-5P (c) 6S-7P (d) 6S-8P 
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and Fig. 6 illustrate the back-emf and torque of all final design 
for one electric cycle, respectively. From the graph, the highest 
back-emf is 80V for 6S-5P design, while the lowest back-emf 
is 3.8V for 6S-8P design. The back-emf for 6S-7P design is 
more sinusoidal than others, while the back-emf of 6S-4P 
design achieved about 46V. For the torque of the final design 
HEFSM, the peak-peak torque for 6S-4P designs is almost 
double than the torque achieved, while the lowest peak-peak 
torque is obtained in 6S-5P HEFSM with approximately 8.5% 
peak-peak value. Although the target torque of 333Nm is not 
achieved for 6S-4P, 6S-5P and 6S-8P designs the power 
obtained is more than the target 123kW. Therefore, further 
design refinement and improvement to get the target torque as 
well as method of reducing the cogging torque will be 
conducted in future. 
B. Rotor mechanical strength 
The mechanical stress prediction of rotor structure at 
maximum speed of 12,400r/min is calculated by centrifugal 
force analysis based on 2D-FEA. Fig. 7 illustrates the principal 
stress distributions of the rotor core for the final design 
HEFSM. The highest stress can be found at a point highlighted 
in circle. It shows that the maximum principal stress at 
maximum speed of 12,400r/min reaches 45.99MPa and 
28.05MPa for the original and final design, respectively, which 
is much smaller than 300MPa being allowable as the maximum 
principal stress in conventional electromagnetic steel. This is a 
great advantage of the designed HEFSM with robust rotor 
structure that makes it more applicable and suitable to operate 
in high-speed application compare to conventional IPMSM. 
C. Torque and power versus speed characteristics 
The torque and power versus speed characteristics of all 
final design HEFSMs are plotted in Fig. 8 and Fig. 9, 
respectively. In the figure, the dotted black line depicts the 
torque and power curve of the IPMSM for comparison. 
Obviously the torques and power versus speed fashion of all 
corresponding designs are similar with the torque speed 
characteristics of IPMSM.  For 6S-7P HEFSM the maximum 
  
                            (a)                   (b) 
 
  
       (c)                                     (d) 
 
Fig. 4: Distribution of flux of  PM at open circuit condition (a) 6S- 4P (b) 
6S-5P (c) 6S-7P (d) 6S-8P 
 
 
Fig. 5: Back-emf of the final design HEFSMs 
 
 
Fig. 6: Torque of the final design HEFSMs 
T=342Nm 
T=283Nm 
T=267Nm 
T=176Nm 
 
 
              
(a)       (b) 
 
  
                  (c)     (d) 
 
Fig. 7: Rotor mechanical stress distribution at 12,400r/min  
(a) 4P =49.1MPa (b) 5P =59.3MPa (c) 7P=58.5MPa (d)8P =47.7MPa 
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torque achieved is 342Nm at base speed 3,654r/min which is 
higher than the target torque. Moreover for 6S-5P, 6S-8P and 
6S-4P, the maximum torque obtained are 283Nm, 267Nm and 
176Nm at base speed of 4713r/min, 5266r/min and 7309r/min, 
respectively. Further design refinement and improvement will 
be conducted in future. The maximum power achieved from 
6S-7P, 6S-5P, 6S-8P and 6S-4P are 142.8kW, 161.1kW, 
178.5kW and 148.0kW, while the average power of each model 
at normal driving condition with speed of 3,000r/min to 
7,000r/min are 133.6kW, 132.7kW, 133.2kW, and 122.4kW, 
respectively. In addition, the total weight of all final design 
HEFSM, the power density and the torque density comparison 
with IPMSM are listed in Table III. The weight of the final 
design HEFSM is calculated including stator iron, rotor iron, 
PM, armature coil, FEC, and estimated of all coil ends. From 
the table, all final design have successfully achieved the power 
density of more than 3.5kw/kg estimated in IPMSM while only 
6S-5P and 6S-7P HEFSM achieved torque density of more than 
9.51Nm/kg estimated in IPMSM. The maximum power density 
of the final design HEFSMs are increased approximately 
45.2% to 78.6% compared with existing IPMSM. 
D. Motor losses and efficiencies 
The motor losses and efficiencies are calculated including 
copper losses in armature coil and FEC, and iron losses in all 
laminated cores for specific operating points such as at 
maximum torque, high speed, and frequent drive operating 
condition noted as points No. 1(a) to (d) for maximum torque, 
No. 2(a) to (d) for maximum speed, and No. 3 to No. 8 for 
frequent drive operating mode as illustrated in Fig. 8. The iron 
losses are calculated based on FEA while the copper losses for 
armature coil and FEC are calculated at 100°C. The detailed 
loss analysis and motor efficiency of all final designs of 
HEFSMs at each point mentioned above are listed in Fig. 10 
where, Pc is the copper loss in armature coil and FEC, Pi is the 
iron loss in stator and rotor, and Po is the output power. From 
the figures, at high torque operating points No. 1(a) to (d), the 
efficiency achieved for 6S-4P, 6S-5P, 6S-7P and 6S-8P 
HEFSMs are approximately 85.7%, 86.95%, 87.35%, and 
87.24%, respectively, which is degraded due to increase in 
copper loss in armature coil and FEC. Furthermore, at high 
speed 12,400r/min operating point No. 2, the efficiency 
achieved for 6S-4P, 6S-5P, 6S-7P and 6S-8P HEFSMs are 
approximately 89.41%, 89.49%, 87.91%, and 85.94%, 
respectively, which is also slightly degraded due to increase in 
iron loss and copper loss in FEC. However, at frequent driving 
operation at point No. 3 to No. 8 under low load condition, the 
final design 6S-4P, 6S-5P, 6S-7P and 6S-8P HEFSMs achieves 
much higher efficiencies up to 93.75%, 94.75%, 94.53% and 
91.71%, respectively. The lowest efficiency of 80.72% is 
achieved at operating point No. 3 of 6S-4P HEFSM due to 
increase in much armature copper loss. 
IV. SUMMARY 
In this paper, design studies and performance analysis of 
various slot-pole of HEFSMs such as 6S-4P, 6S-5P, 6S-7P and 
6S-8P for traction drive in HEV applications is presented. The 
design refinement by using deterministic design approach has 
been conducted to the initial design HEFSMs until the 
optimum performances are achieved. Furthermore, the rotor 
mechanical stress predicted is good enough for all design 
HEFSMs to run in high-speed region. Although, only 6S-7P 
HEFSM achieved the target torque of more than 333Nm, all 
designs HEFSMs has successfully achieved the target power 
density of more than 5.1kW/kg.  
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